Paraquat (PQ), one of the most widely used herbicides, is extremely dangerous because it generates the highly toxic superoxide radical. When paraquat was applied to cochlear organotypic cultures, it not only damaged the outer hair cells (OHCs) and inner hair cells (IHCs), but also caused dislocation of the hair cell rows. We hypothesized that the dislocation arose from damage to the support cells (SCs) that anchors hair cells within the epithelium. To test this hypothesis, rat postnatal cochlear cultures were treated with PQ. Shortly after PQ treatment, the rows of OHCs separated from one another and migrated radially away from IHCs suggesting loss of cell-cell adhesion that hold the hair cells in proper alignment. Hair cells dislocation was associated with extensive loss of SCs in the organ of Corti, loss of tympanic border cells (TBCs) beneath the basilar membrane, the early appearance of superoxide staining and caspase-8 labeling in SCs below the OHCs and disintegration of E-cadherin and b-catenin in the organ of Corti.
Introduction
Paraquat is one of the most widely used organic herbicides (Shopova et al., 2007) , but is highly toxic resulting in numerous fatalities worldwide (Dinis-Oliveira et al., 2008; Gawarammana and Buckley, 2011) . Because of its toxicity, PQ has been banned in many counties, although it is still employed in more than 130 developing countries resulting in numerous poisonings over the past 20 years (Bertsias et al., 2004; Eddleston et al., 2002; Kavousi-Gharbi et al., 2017) . PQ misuse has resulted in pollution of soil, water and agricultural products (Ikpesu, 2015; Li et al., 2016; Shopova et al., 2007) . Long-term exposure to PQ has been linked to Parkinson's disease (Baltazar et al., 2014; Berry et al., 2010; Chen et al., 2010) , pulmonary fibrosis, and skin cancer (Anderson and Scerri, 2003; DinisOliveira et al., 2008; Jee et al., 1995; Sun et al., 2016; Wesseling et al., 2001) . Because PQ concentrations in the lungs are 6e10 times higher than in plasma, cells in the lung are considered the primary target of PQ toxicity (Dinis-Oliveira et al., 2008) . The high pulmonary concentration of PQ is linked to polyamine transporters, such as organic cation transporters that are abundantly expressed in membranes of alveolar and Clara cells (Dinis-Oliveira et al., 2008; Higashi et al., 2014; Ingoglia et al., 2015; Sala-Rabanal et al., 2013; Silva et al., 2015) . PQ also accumulates in neurons by uptake through dopamine and organic cation transporters, leading to oxidative stress and neurotoxic symptoms resembling Parkinson's (Kuter et al., 2007; Rappold et al., 2011) .
Because PQ is a potent superoxide generator, it has been used as a tool to investigate oxidative stress, cell death and otoprotection in the cochlea (Bielefeld et al., 2005; Nicotera et al., 2004) . Treatment of cochlear organotypic cultures with 50 mM of PQ for 24 h resulted in significant loss of inner hair cells (IHCs) and outer hair cells (OHCs) and the magnitude of hair cell loss rose as the dose of PQ increased. PQ-induced hair cell loss was reduced significantly by M40403, a superoxide scavenger, consistent with previous studies showing that M40403 prevents PQ-induced neurotoxicity in substantia nigra (Mollace et al., 2003) . When PQ was applied to the cochlea in vivo, it caused significant hearing loss over a broad range of frequencies and significant loss of OHCs and IHCs along the length of the cochlea (Bielefeld et al., 2005) . Sound preconditioning, which increase the endogenous antioxidant enzymes in the cochlea, significant reduced PQ-induced hearing loss and IHC loss (Harris et al., 2006) .
Although PQ-mediated cochlea damage is initiated by the overproduction of the superoxide radical, the cellular events that ultimately lead to hair cell death are poorly understood. In some tissues, PQ-induced cell death occurs through the caspase-9, intrinsic apoptotic pathway involving the release of cytochrome c from damaged mitochondria (Chen et al., 2012; Dinis-Oliveira et al., 2007a , 2007b , Hong et al., 2013 Li et al., 2015a) . In other cases, PQinduced cell death is initiated through the caspase-8, extrinsic apoptotic pathway involving membrane damage (Hathaichoti et al., 2017; Wang et al., 2016) . Currently, it is unclear if PQ-induced hair cell death is initiated through the intrinsic pathway involving permeabliization of the mitochondrial membrane and/or the extrinsic cell death pathway and activated disruption of extracellular ligands that bind to cell-surface death receptors. When PQ was applied to cochlear organotypic cultures, it caused the orderly rows of hair cells to shift their position within the sensory epithelium prior to degenerating (Nicotera et al., 2004) . The dislocation of the OHC rows suggested that PQ might disrupt the intercellular adhesion proteins that anchor the OHCs and IHCs to neighboring supporting cells (SCs). The cell adhesion molecules and intercellular connections also provide important signals for cell growth, cell fate, differentiation and survival (Kelley, 2003; Shi et al., 2014; Simonneau et al., 2003) . Detachment of cells from their neighbors can trigger a novel form of cell death known as anoikis; detachment-mediated apoptosis normally prevents cancer cells from metastasizing (Frisch and Ruoslahti, 1997; Frisch and Screaton, 2001; Liotta and Kohn, 2004; Reddig and Juliano, 2005; Valentijn et al., 2004) . During embryogenesis, programmed cell death, cell detachment and anoikis play a role in cavity formation (i.e., cavitation) in some tissues (Boudreau et al., 1995; Coucouvanis and Martin, 1995; Qu et al., 2007) ; similar processes could conceivably contribute to the formation of large and moderate size fluid spaces in the cochlea. To determine if PQ-induced hair cell dislocation and death was triggered by disruption of intercellular connections, we treated cochlear organotypic cultures with PQ and evaluated extracellular matrix proteins and mechanisms of cell death in hair cells and supporting cells.
Materials and methods

Subjects
Cochleae were obtained from postnatal day 3 (P3) SpragueDawley rat pups (Charles River Laboratories; Wilmington, MA). All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the University at Buffalo and conform to the National Institutes of Health guide for the care and use of Laboratory animals.
Cochlear organotypic cultures
Our procedures for preparing cochlear cultures have been described in our previous publications Ding et al., 2011; Ding et al., 2013a; Li et al., 2015b; Prakash Krishnan Muthaiah et al., 2017; Yu et al., 2015) }. Briefly, a 9:1:1 mixture consisting of rat-tail collagen (Type 1, BD Biosciences, #4236, Bedford, MA), 10X basal medium eagle (Sigma B9638) and 2% sodium carbonate was freshly prepared and then 10 ml of the mixture was placed in the center of a 35 mm diameter culture dish (Falcon 1008, Becton Dickinson) for 30 min until the solution had gelled. Then 1.3 ml of serum-free medium [2 g bovine serum albumin (BSA, Sigma A-4919), 2 ml Serum-Free Supplement (Sigma I-1884), 4.8 ml of 20% glucose (Sigma G-2020), 0.4 ml penicillin G (Sigma P-3414), 2 ml of 200 mM glutamine (Sigma G-6392), and 190.8 ml of 1 Â BME (Sigma B-1522)] was added to the culture dish. The P3 rat pups were decapitated and their temporal bones carefully removed. In all cases, the entire cochlear basilar membrane, containing the organ of Corti and spiral ganglion neurons was carefully dissected out as a surface preparation in Hank's Balanced Salt Solution and placed on the surface of collagen gel in the culture dish. The lateral wall of the cochlea and Reissner's membrane were discarded. Both ears from each rat pup was used, but a different condition was applied to the genetically identical ear-pairs (e.g., 0 mM PQ vs. 200 mM PQ).
Each experiment was repeated with ears from different litters of rat pups. Afterwards, the samples were placed in an incubator (Forma Scientific, #3029) and maintained at 37 C in 5% CO 2 for 1 h after which an additional 0.7 ml of serum-free medium was added to the culture dish sufficient to cover the cochlear explants. Samples were maintained in the incubator overnight.
PQ treatment
PQ was dissolved in serum-free medium. A stock solution was made for each experiment and diluted to the appropriate concentration. Cochlear explants were cultured in freshly prepared serumfree medium containing 0, 10, 50, 100, 200, or 500 mM of PQ (n ¼ 6 cultures per concentration) for 24 h. Using PQ concentrations of 0, 50 or 200 mM applied to explants for 0, 6, 12 or 24 h, we also evaluated the expression of superoxide, caspase-8, caspase-9, and caspase-3 and immunolabeling of extracellular matrix proteins (n ¼ 6 per condition).
Cochleograms
Cochlear explants were fixed with 10% formalin in PBS for 3 h. Specimens were stained with Alexa Fluor 555-labeled phalloidin (1:200, ThermoFisher Scientific A34055) for 1 h, mounted on glass slides in glycerin as flat surface preparations, cover slipped, and examined with a epifluorescence-equipped microscope (Zeiss Axioskop, 400X) with appropriate filters (absorption 555 nm, emission 565 nm). The numbers of IHCs and OHCs were counted over 0.24 mm intervals along the entire length of the cochlea. Hair cells were counted as missing if the stereocilia and cuticular plate were absent. Counts were entered into a custom computer program that computed a cochleogram showing the percent missing IHCs and OHCs as a function of percent distance from the apex based lab hair cell norms for SASCO SpragueeDawley rats (Ding et al., 2013a; Li et al., 2015b) . Data from each individual cochleogram were averaged to generate a mean cochleogram for each experimental condition.
Semi-thin sections
Semi-thin plastic embedded sections were obtained from some cochlear explants that had been treated with 0 or 200 mM PQ for 6, 12 or 24 h using procedures described in our earlier publications (Ding et al., 1997a (Ding et al., , 1997b (Ding et al., , 2016 Wang et al., 1999) . Afterwards the explants were fixed with 2.5% glutaraldehyde (EMS-16216) in PBS for 6 h. After rinsing with 0.1 M PBS, specimens were immersed in 2% osmium tetroxide in PBS for 2 h. The samples were dehydrated through a graded series of ethanol solutions ending with 100% and then embedded in Epon 812 resin. After polymerization, 3-mM plastic sections were obtained using an ultramicrotome (Leica Reichert Supernova) and placed on glass slides. Sections were stained with 0.1% toluidine blue solution for 1 min and then coverslipped for observations under a light microscope.
Myosin VI and SOX2 immunohistochemistry
Antibodies against myosin VI and SOX2 were used to identify hair cells and supporting cells respectively. Cochlear specimens were fixed for 1 h with 10% formalin in PBS and then rinsed three times with distilled water. To prevent non-specific labeling, specimens were incubated in 2% Triton X-100 and 5% donkey serum in 0.1 M PBS for 1 h at room temperature. Afterwards, the specimens were immersed overnight at 4 C in 1% Triton X-100 and 5% donkey serum in 0.1 M PBS containing rabbit anti-myosin VI primary antibody (1:100, Sigma M5187) and goat anti-SOX2 primary antibody (1:100, Santa Cruz Biotechnology. Lot: L1708). Specimens were rinsed three times with PBS for 15 min and incubated for 2 h at room temperature in donkey anti-rabbit secondary antibody conjugated with TRITC (1:200, Jackson ImmunoResearch, #72296) and donkey anti-goat secondary antibody conjugated with Alexa Fluor 488 (1:200, Invitrogen, #474685) in 1% Triton X-100 and 5% donkey serum in 0.1 M PBS. Nuclei were stained with To-Pro-3 (Life Technologies #T3605) during or after the process of secondary antibody labeling. Specimens were rinsed in PBS, mounted on glass slides in glycerin, coverslipped and examined with a confocal microscope (Zeiss LSM-510) with appropriate filters for TRITC (absorption: 544 nm, emission: 572 nm), Alex Fluor 488 (excitation 488 nm, emission 519 nm) or To-Pro-3 (excitation 642 nm, emission 661 nm). Multilayer images were evaluated with a Zeiss LSM Image Examiner, and post-processed with Adobe Photoshop software.
Superoxide detection
To detect superoxide, some cochlear cultures were incubated with dihydroethidium (DHE) (Sigma D7008). DHE is rapidly oxidized to fluorescent ethidium in the presence of superoxide after which ethidium preferentially binds to DNA (Deng et al., 2013; Ding et al., 2013a; Nicotera et al., 2004) . Cochlear cultures were treated with 0 or 200 mM PQ for 6, 12 or 24 h and immediately afterwards incubated in serum-free medium containing 100 mM DHE for 1 h at 37 C in a 5% CO 2 incubator. Afterwards, the explants were fixed with 10% formalin in PBS for 3 h. After rinsing in PBS, the specimens were stained with Alexa Fluor 488-conjugated phalloidin and To-Pro-3 to label the stereocilia and cuticular plate of hair cells and nuclei respectively.
E-cadherin and b-catenin immunolabeling
Some cochlear cultures were immunolabeled with antibodies against E-cadherin and b-catenin in order to observe changes in the extracellular matrix and intercellular connections. Cochlear explants were fixed with 10% formalin for 1 h and then immersed in 2% Triton X-100 and 5% goat serum in 0.1 M PBS for 1 h at room temperature. Afterwards, the specimens were incubated overnight at 4 C in 1% Triton X-100 and 5% goat serum in 0.1 M PBS containing a mouse anti-E-cadherin monoclonal primary antibody (1:100, Cell Signaling Technology, #9562 S) or a rabbit anti-b-catenin monoclonal primary antibody (1:100, Cell Signaling Technology, #14472 S). After rinsing 3X in 0.1 M PBS, specimens were incubated for 2 h at room temperature in a goat anti-mouse secondary antibody conjugated with Alexa Fluor 488 (1:200, Invitrogen, #482679) or goat anti-rabbit secondary antibody conjugated with TRITC (1:200, Abcam, AB6718). To label the stereocilia and cuticular plate of hair cells, specimens were stained for 1 h with TRITC-labeled phalloidin (1:200, Sigma P1951) or Alexa 488-conjugated phalloidin (1:200, Molecular Probes A12379). Cell nuclei were labeled with To-Pro-3 for 1 h (1: 100, Life technologies, #T3605). Specimens were mounted on glass slides in glycerin, cover slipped, and examined under confocal microscope with appropriate filters as described previously (Liu et al., 2014; Prakash Krishnan Muthaiah et al., 2017) .
Caspase labeling
Some cultures were labeled with cell permeable carboxyfluorescein probes that recognizes activated caspase-3, -8, or -9 (CaspGLOW Red Active, BioVision); labeling was carried out according to the manufacturer's instructions (Deng et al., 2013; Ding et al., 2013a; Li et al., 2015b) . At the end of the experimental treatments, the explants were incubated with one of the above probes at a dilution of 1:100 for 1 h. Afterwards, the specimens were fixed in 10% formalin in PBS for 3 h, and stained with Alexa Fluor 488-conjugated phalloidin and To-Pro-3 to label the stereocilia and cuticular plate of the hair cells and the nuclei respectively. Afterwards, the specimens were mounted in glycerin on glass slides, cover slipped and examined with a confocal microscope with appropriate filters.
E-cadherin and b-catenin western blots
Western blotting was used to assess the expression of b-catenin and E-cadherin in cochlear explants treated with 0 or 200 mM PQ for 6, 12 or 24 h. Afterwards, the cochlear explants were harvested and immersed in 100 ml RIPA (Radioimmunoprecipitation) Lysis Buffer System following the manufacturer's instructions. (Santa Cruz, SC24948). Protein concentrations were quantified using a BCA Protein Assay Kit (Pierce, 23227). Equal quantities of protein from each experimental condition were separated by 7.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis (30% Acrlamide/ Bis 7.5 ml; 1.5 M Tris-HCL pH 8.8, 7.5 ml; DDW 14.4 ml; 10% SDS 0.3 ml; 10% APS 0.3 ml, TEMED 30 ml, total volume 30 ml). Separated proteins were transferred onto pure nitrocellulose blotting membranes (Sigma, N8017) and blocked overnight with 5% skimmed milk. E-cadherin (Cell Signaling Technology, #9562S, 1:1000) or bcatenin (Cell Signaling Technologies, #14472S, 1:1000) monoclonal antibodies and b-actin (Sigma, 1:10000) were applied to the membranes for 12 h with shaking. Afterwards, the membranes were washed three times with PBS with Tween 20. Each membrane was incubated for 2 h at room temperature on a shaker with an alkaline phosphatase-conjugated goat anti-mouse secondary antibody (Novus Biologicals, USA, NBP1-72574, 1:5000) or goat antirabbit secondary antibody (Novus Biologicals, USA; NBP1-75294, 1:5000). Membranes were then washed with 0.1 PBS with Tween 20 three times. Label was detected with a BCIP/NBT substrate detection kit (Genemed Biotechnologies, Inc., CA, USA, 10e0007) following the manufacturer's instructions. Samples were run in triplicate and the intensity of the bands was quantified using ImageJ (1.46J) software (Ding et al., 2013b; He et al., 2011; Zhang et al., 2003) .
Statistical analysis
Statistical analyses were carried out with GraphPad Prism software (GraphPad Software, USA) using a one-way ANOVA with Bonferroni or Newman-Keuls post-hoc testing (p < 0.05) as described in more detail in the Results section.
Results
Hair cell loss
Mean (n ¼ 6) cochleograms showing the percent IHC and OHC loss as a function of percent distance from the apex of the cochlear are shown in Fig. 1 after 24 h treatment with 0, 10, 50, 100, 200 or 500 mM PQ. There was little hair cell loss in the control condition (0 mM PQ) except near the base of the cochlea (80e100%) where some mechanical damage typically occurred during sample preparation (Fig. 1A) . As the dose of PQ increased from 10 to 500 mM PQ, the hair cell lesions increased and spread from the base (100% location) toward the apex (0% location). OHC losses were greater than IHC losses (Fig. 1BeF) , consistent with most ototoxic drugs (Ding et al., 2012; Forge and Schacht, 2000) . The mean (þSEM, n ¼ 6 cochlea per condition) numbers of OHCs/mm (Fig. 1G ) and IHCs/ mm (Fig. 1H) were computed over the length of the cochlea for each experimental condition. OHC densities in cultures treated with 10e500 mM PQ were significantly less than control explants (0 mM PQ); OHC densities for neighboring PQ concentrations were significantly different from one another (Fig. 1G ) (one-way ANOVA, F ¼ 128.2, 5, 30 df, p < 0.0001; Newman-Keuls post-hoc p < 0.05).
IHC densities from PQ treatments from 100 to 500 mM were significantly less than controls (0 mM PQ) and IHC densities at 500 mM PQ were significantly less than 200 mM PQ (Fig. 1H ) (oneway ANOVA, F ¼ 15.31, 5, 30 df, p < 0.0001; Newman-Keuls posthoc p < 0.05). These results are consistent with our previous studies of PQ ototoxicity (Nicotera et al., 2004) . Fig. 2AeG shows a series of representative confocal images of cochlear surface preparations in which the stereocilia and cuticular plate of the IHCs and OHCs were labeled with TRITC-conjugated phalloidin. The three rows of OHCs and single row of IHCs were arranged in orderly rows in the (A) control group (0 mM PQ) and (B) the group treated with 10 mM PQ for 24 h. However, 24 h treatment with 50 mM PQ (C) resulted in severe dislocation of the three rows of OHC with the second and third row of OHCs shifting radially away from the IHCs. The hair cells rows were distorted and scalloped and many OHCs were missing. As the PQ dose increased from 100 to 500 mM (Fig. 2EeG) , the hair cells rows became more distorted and hair cell losses increased. The distorted hair cell rows and the radial-shift in the location of the OHCs suggested the PQ might be damaging the SCs that help to maintain the highly structured architecture of the epithelium.
Hair cell dislocation
Time course
The time course of damage was evaluated in more detail by (Keithley et al., 1993) , were present beneath the basilar membrane (Fig. 3A , dashed line); these cells known as tympanic border cells (TBCs) sometimes serve as progenitor cells in the developing cochlea (Jan et al., 2013) . After 6-h treatment with 200 mM PQ, the OHCs, IHCs, and DCs were still present. However, many nuclei were shrunken or condensed in the TBCs beneath the BM (Fig. 3B) . Some DC nuclei were shrunken and condensed. At 12 h post-PQ, the IHCs and OHCs were still present; however, most of the DCs beneath the OHCs were missing. Most TBCs beneath the BM were absent, but the nucleus in those still present was condensed or fragmented (Fig. 3C ). After 24-h treatment with 200 mM PQ, many hair cells were missing and all the DCs were absent. The soma of the remaining hair cells were shrunken and the nucleus was condensed (Fig. 3D) . Most TBCs beneath the basilar membrane were missing. Taken together, these results indicate that damage to the TBCs and DCs occurs 6e12 h before there is significant hair cell loss.
Early supporting cell destruction
We used antibodies against myosin VI and SOX2 to label hair cells and SCs respectively in PQ-treated cultures and To-Pro-3 to label nuclei. In untreated controls cultured for 24 h, three rows of OHCs and one row of IHCs were evident when the confocal image stack was viewed from the surface of the organ of Corti (Fig. 4A2) . In this surface-view of the image stack, the turquoise, SOX2-labeled SCs partially mask the red, myosin VI-labeled hair cells. There is a high density of SOX2-labeled SCs in the inner sulcus cell (ISC) region medial to the IHCs. In the Z-plane confocal cross section through the image stack, the red, myosin VI-labeled OHCs with blue, To-Pro-3 nuclei are perched above the turquoise, SOX2-labeled DCs. A SOX-2-labeled Hensen cell (HC) lies lateral to outermost OHC and a SOX-2-labeled outer PC lies medial to the innermost OHC (Fig. 4A1) . A red, myosin VI-labeled IHC lies above an inner PC.
Treatment of cochlear explants with 200 mM PQ for 6 h damaged many SCs. The loss of turquoise SCs in the confocal image stack unmasked the red OHCs, now arranged in somewhat irregular rows (Fig. 4B2, red arrows) . The Z-plan confocal image (Fig. 4B1 ) revealed a paucity of turquoise-labeled SCs as well as missing DCs beneath the OHCs and missing PC beneath the IHC. Fewer SCs were present in the ISC region compared to controls (Fig. 4B1, B2 ). After 12 h treatment with 200 mM PQ (Fig. 4C1, C2 ), red-myosin VI OHCs and IHCs were still present, but many HCs, DCs, PCs and ISCs were missing. After 24 h treatment with 200 mM PQ, nearly all the OHCs and surrounding support cells (i.e., HC, DCs and OPCs) were missing; however, most IHCs, inner PCs and ISCs were present (Fig. 4C1, C2 ). These results indicate that the DCs, HCs and outer PCs are more susceptible to PQ damage than the OHC and IHCs.
PQ-induced superoxide
DHE, which is oxidized to fluorescent ethidium in the presence of superoxide, was used to identify sites of superoxide generation in PQ-treated explants. In normal, untreated cochlear explants, DHE staining was largely undetectable (Fig. 5A) ; however, after 6 h treatment with 200 mM PQ treatment, DHE fluorescence was mainly seen in the indicated SC layer mostly in cells beneath the basilar membrane (Fig. 5B) . When the duration of treatment with 200 mM PQ was increased to 12 h, DHE fluorescence increased and spread to many cells in the indicated SC layer as well as a few OHCs and IHCs (Fig. 5C ). After 24-h treatment with 200 mM PQ, most cells in the indicated SC layer had disappeared; consequently, DHE fluorescence was mainly observed in the hair cells (Fig. 5D) . To quantify the temporal sequence of superoxide generation in the SC layer and hair cell layer, we measured the DHE levels in both cells types before and 6, 12 and 24 h after PQ treatment. DHE levels were low in control explants and there was no difference between labeling in the SC layer and hair cell layer (Fig. 5E) . However, DHE levels were significantly higher in the SC layer than the hair cell layer 6 h and 12 h after treatment with 200 mM PQ, whereas after 24 h treatment, DHE levels were much higher in the hair cell layer than the SC layer (one-way ANOVA, F ¼ 231.5; 3, 1 df, p < 0.0001, Bonferroni post-hoc test, p < 0.05).
PQ-induced caspases
To identify cell death signaling pathways involved in PQ damage, explants were labeled with flurogenic probes that recognize activated initiator caspase-8, initiator caspase-9 or executioner caspase-3. Samples were evaluated from normal explants and explants treated for 6, 12 or 24 h with 200 mM PQ. Representative confocal images were taken from the OHC layer near the surface of the organ of Corti and a region referred to as the DC layer that included DCs and slightly deeper layers of the organ of Corti. Caspase-3, -8 and -9 were largely undetectable in the OHC layer and the DC layer in untreated controls cultured for 24 h (Fig. 6A1, B1 and C1). After 6 h treatments with 200 mM PQ, caspase-8 appeared mainly in the DC layer (Fig. 6A2) . Caspase-9 labeling was absent from the OHC layer and DC layer (Fig. 6B2 ). Caspase-3 labeling was absent from the OHC layer (Fig. 6Ca , but was beginning to be expressed in the DC layer (Fig. 6Cb) . After 12 h treatment with 200 mM PQ, caspase-8 was expressed widely in the DC layer (Fig. 6A3b) , but was absent from the OHC layer (Fig. 6A3a) . Caspase-9 was absent from the OHC layer (Fig. 6B3a) , but was beginning to emerge in the DC layer after 12 h of PQ treatment whereas caspase-3 was heavily expressed in the DC layer (Fig. 6C3b) and just detectable in a few cells in the OHC layer (Fig. 6C3a) . After 24 h of PQ treatment, many cells in the OHC layer and SC layer had already degenerated. Consequently, caspase-8, -9 and -3 labeling was patchy or marginally present in the OHC layer and DC layer (Fig. 6A4,  B4, C4) . To quantify the results, we counted the numbers of caspase-8, -9 and -3 positive cells located in the OHC layer and DC layer in confocal images taken from the middle of the cochlea in controls explants cultured for 24 h (Cnt) and explants treated with 200 mM PQ for 6, 12 or 24 h. Counts were obtained from five organotypic cultures for each condition using confocal images similar to those in Fig. 6AeC and the mean numbers (þ/À SD) plotted in Fig. 6DeF . The numbers of caspase-8 cells in the DC layer increased from zero in controls to approximately 40 and then 60 after 6 h and 12 h PQ treatment, but after 24 h PQ treatment, the number approached zero due considerable cell death in this layer (Fig. 6D) . In contrast, the numbers of caspase-8 labeled cells in the OHC layer increased slowly from near zero in controls to approximately 20 after 24 h PQ treatment. Caspase-3 counts in the DC layer and OHC layer followed a similar temporal progression as that for caspase-8 during the 6 to 24 h of PQ treatment (Fig. 6F) . The temporal progression of caspase-9 counts in the OHC layer and DC layer followed a similar pattern to that for caspase-8 and caspase-3 except that the upsurge of caspase-9 in the DC layer was delayed by approximately 6 h (Fig. 6E) . 3.7. PQ suppresses b-catenin and E-cadherin E-cadherin, a cell-cell adhesion protein and b-catenin, which coordinates cell-cell adhesion, can be disrupted by cochlear damage (Leonova and Raphael, 1997; Mahendrasingam et al., 1997; Warchol, 2007; Whitlon, 1993) . Because the OHC rows were distorted and separated from the IHCs after PQ treatment, we speculated that E-cadherin and b-catenin immunolabeling patterns would be disrupted prior to hair cell degeneration. To test this hypothesis, we immunolabeled cochlear explants from 6 to 24 h after PQ treatment. In control explants cultured for 24 h without PQ, we observed strong green E-cadherin labeling around the circumference of the phalloidin-labeled (red/orange) OHCs and IHCs in confocal images localized to the hair cell layer of the epithelium (Fig. 7A) . Confocal images taken at the SC layer below the hair cells revealed thin, green circumferential rings of Ecadherin at the intercellular boundaries (Fig. 7E) . After 6 h treatment with 200 mM PQ, the E-cadherin rings around the SCs developed a fuzzy, discontinuous and crenulated appearance suggesting a loss of intercellular contact (Fig. 1F ) whereas E-cadherin labeling encircling the hair cells appeared normal (Fig. 7B) . After 12 h treatment with 200 mM PQ, the rings of E-cadherin had largely disappeared in the SC layer (Fig. 7G ) whereas E-cadherin and myosin VI labeling in the hair cell layer appeared normal (Fig. 7C) . However, after 24 h of PQ treatment only E-cadherin puncta were visible in the SC layer (Fig. 7H) . In the hair cells layer, E-cadherin was greatly reduced, most OHCs were missing while the row of IHCs was irregular and some IHCs were missing (Fig. 7D) . Thus, Ecadherin labeling was initially disrupted in the SC layer after 6 h of PQ treatment and by 12 h it was greatly reduced whereas E-cadherin in the hair cell layer remained intact.
In control explants, robust green b-catenin labeling was present in the circumference of the phalloidin-labeled (red/orange) OHCs and IHCs (Fig. 7I ). In the SC layer, thin, green rings of b-catenin were present at the intercellular boundaries of the SCs (Fig. 7E) . After 6 h treatment with 200 mM PQ, b-catenin labeling in the SC layer appeared normal (Fig. 7N) . However, after 12 h of PQ treatment, bcatenin declined dramatically in the SC layer (Fig. 7O) while bcatenin around the IHCs and OHCs was normal (Fig. 7K) . After 24 h of PQ treatment, b-catenin had disappeared from large section of the SC layer (Fig. 7L ) and hair cell layer (Fig. 7L ) in regions of OHC loss even though some OHC were still present. The decline in bcatenin in the SC layer, like the decline in E-cadherin, occurred prior to hair cells loss.
Using Western blots, we compared the expression of E-cadherin and b-catenin proteins relative to b-actin in control explants cultured for 24 h and explants treated with 200 mM PQ for 6, 12 or 24 h. The expression of the E-cadherin band with a molecular weight around 135 kDa, was greatly reduced 12 and 24 h after treatment with 200 mM PQ while the band of b-actin remained stable (Fig. 8A ). The mean (n ¼ 3 replicates, SEM) expression of Ecadherin relative to b-actin was significantly less than controls 12 h and 24 h after 200 mM PQ treatment ( 
Discussion
The hair cell lesions induced by PQ spread from base to apex in a dose-dependent manner and the loss of OHCs was greater than IHCs, a pattern similar to that seen with other ototoxic drugs (Forge and Schacht, 2000; Nicotera et al., 2004; Rybak and Ramkumar, 2007) . As the lesion developed, the OHC rows separated and migrated radially suggesting the loss of intercellular attachments. OHC dislocation was first observed 6 h after PQ treatment in synchrony with the loss of SCs and TBCs beneath the basilar membrane (Fig. 3B) ; these changes were associated with an increase in DHE fluorescence in the SC layer (Fig. 5B, E) , enhanced expression of initiator caspase-8 (Fig. 6D ) and executioner caspase-3 (Fig. 6F) in the DC layer and mild disruption of the E-cadherin surrounding the SCs (Fig. 7F) . After 12 h of PQ treatment, shrinkage and loss of DCs, HCs and TBCs appeared beneath the hair cells (Fig. 3C) ; these changes were accompanied by increased expression of caspase-8 (Fig. 6D ) and caspase-3 (Fig. 6F) in the DC layer, and loss of Ecadherin (Fig. 7G ) and b-catenin (Fig. 7O) in the SC layer. Only after the loss of TBCs, DCs and HCs, did the OHCs and IHCs begin to die off. Fig. 6 . Caspase expression appears in Deiters cells before hair cell layer. Confocal images from the OHC layers and DC layers of cochlear explants. Alexa-488 conjugated phalloidin (green) used detect actin present in stereocilia and cuticular plate; To-Pro-3 (blue) used to label nuclei and flurogenic probe to detect activated (A1-4) caspase-8, (B1-4) caspase-9 and (C1-4) caspase-3 (C1-4) (red). Representative samples from the middle of the cochlea from control explant 24 h (0 mM PQ, top row) and explants treated with 200 mM PQ for 6 h (second row from top), 12 h (third row from top) and 24 h (bottom row). Caspase-8 (A2b) and to a lesser extent caspase-3 (C2b) first expressed in DC layer after 6 h of PQ treatment; caspase-8, -9 and -3 expression in OHC layer occurred after 24 h of PQ treatment (A4a, B4a, C4a), but many OHC already missing at this time (see Fig. 2E ). Caspase-9 expression first observed in DC layer (B3b). Mean (n ¼ 5, þ/À SD) numbers of caspase-8 (D), caspase-9 (E) and caspase-3 (F) cells present in OHC layer and DC layer in control explants (0 mM PQ, 24 h) and explants treated with 200 mM PQ for 6, 12 or 24 h. Note robust increase in caspase-8 and caspase-3 in DC layer after 6 h PQ treatment. Increase in caspase-8, -9 and -3 expression in OHC layer occurred after 24 PQ, but many OHC were already missing at this time (Fig. 2E) . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
Trigger points
Our analysis revealed a temporal-spatial progression of superoxide-induced DHE fluorescence. DHE labeling first appeared in TBCs and some SCs after 6 h of PQ treatment; after 12 h of PQ treatment, fluorescence appeared around the DC layer and after 24 h, DHE labeling reached the hair cells at the surface of the epithelium (Fig. 5) . Expression of initiator caspase-8 and caspase-3 followed a similar temporal-spatial progression (Fig. 6D, F) while the appearance of caspase-9 (Fig. 6E) was slightly delayed. The mechanisms regulating the temporal-spatial progression of superoxide expression are unclear. One factor likely to play a role is the relative abundance of protective superoxide dismutase enzymes that inactivate the toxic superoxide anion. In vivo, Cu/Zn superoxide dismutase is more abundant in the cytoplasm of brain astrocytes than in neurons whereas manganese superoxide dismutase is more abundant in neurons than glia (Lindenau et al., 2000) . The relative abundance of these antioxidant enzymes changes in vitro. In primary cortical cultures, Cu/Zn superoxide dismutase is expressed at similar levels in neurons and astrocytes whereas Mn superoxide dismutase is most strongly expressed in microglia. The spatial-temporal distribution of superoxide dismutase enzymes also changes during development (Yon et al., 2008) . The distribution of superoxide dismutase enzymes has not been determined in postnatal cochlear explants, but based on the progression of DHE fluorescence, the abundance of superoxide dismutase enzymes would be expected to be lowest in the TBCs underneath the basilar membrane and higher in the hair cell layer.
One of the earliest sites of damage occurred in the TBCs beneath the basilar membrane, a region where resident macrophages are also present (Frye et al., 2017; Yang et al., 2015) . It is conceivable that PQ-induced damage to the TBCs results in the activation of the resident macrophages which in turn leads to the release of superoxide or other toxic free radicals that serve to further amplify damage to TBC and surrounding SCs in the organ of Corti (Assreuy et al., 1994; Mosser and Edwards, 2008) . To determine which cells types are especially vulnerable to PQ toxicity, it would be necessary to label the various cell types beneath the hair cells with antibodies unique to each cellular subpopulation. Such an endeavor would be challenging given that protein expression patterns are likely to change substantially during postnatal development.
Connections
E-cadherin and b-catenin play important roles in forming adherens junctions and cell-cell connections that help to establish the complex architecture of the cochlea (Gumbiner, 1995; Kuo et al., 2015; Shi et al., 2014; Simonneau et al., 2003; Takeichi, 1995) and re-establish the intercellular junctions needed to maintain the ionic barrier at the reticular lamina following hair cell loss (Leonova and Raphael, 1997) . In P3 cochlear explants, E-cadherin and b-catenin surrounded the hair cell cuticular plate near the surface of the epithelium. In the DC layer below the OHCs, E-cadherin and bcatenin were present at the intercellular boundaries of adjacent SCs (Fig. 7) , consistent with previous reports (Leonova and Raphael, 1997; Whitlon, 1993) . After 6 h PQ treatment, E-cadherin labeling became discontinuous, beaded and crenulated (Fig. 7F , arrowheads), signs that the DCs and SCs were losing contact with one another, disrupting cell-cell contacts and intercellular communication. One possible interpretation of these results is that PQ might directly damage E-cadherin proteins. Alternatively, it is conceivable that PQ initially damaged the DC leading to secondary changes in Ecadherin. Future experiments are needed to distinguish between these possibilities. After 12 h of PQ treatment, labeling of E-cadherin and b-catenin was largely absent from the DC region but persisted in the OHC layer (Fig. 7C, G, K and O) . The changes in Ecadherin and b-catenin may ultimately set the stage for subsequent scar formation. OHC losses only occurred after E-cadherin and bcatenin had disappeared from the apical surface of the epithelium (Fig. 7D, L) . One possible interpretation of these results is that the loss of intercellular connections between hair cells and DCs leads to a form of cell death known as anoikis, or detachment apoptosis (Boudreau and Jones, 1999; Frisch and Ruoslahti, 2001; Taddei et al., 2012) as seen in PQ-treated alveolar epithelial cells (Dinis-Oliveira et al., 2008 ). An alternative possibility for the temporal sequence of cell death is that TBCs and SCs are simply more vulnerable to PQ than hair cells because of differences in their antioxidant enzymes or the unique nature of PQ toxicity. Additional experiments are needed to confirm or reject the hypothesis that PQ-induced hair cell death occurs by anoikis.
Early activation of Caspase-8
A cell's ability to resist cell detachment from its neighbors is critical to preventing anoikis (Eccles and Welch, 2007) . PQ decreases E-cadherin expression (Yamada et al., 2015) . Among intestinal enterocytes, loss of E-cadherin leads to anoikis (Fouquet et al., 2004) . Similarly, COX-2 inhibitors, which downregulate bcatenin and E-cadherin, induce anoikis in osteosarcoma cells (Liu et al., 2012) . Anoikis manifests all the features of apoptosis such as caspase activation and nuclear fragmentation and condensation (Frisch and Screaton, 2001; Reddig and Juliano, 2005) . Caspase-9 mediated cell death is initiated by the release of cytochrome c from the mitochondria followed by activation of apaf-1 and cleavage of the inactive zymogen into its active form leading to downstream activation of executioner caspase-3 (Budihardjo et al., 1999; Takatani et al., 2004) . Initiator caspase-8 is activated by extracellular ligands such as FAS that bind to death receptors forming a death inducing signaling complex (DISC) (Budihardjo et al., 1999; Hathaichoti et al., 2017) . Disruption of cell-cell contacts required for intercellular communication activates caspase-8 leading to direct activation of executioner caspase-3 or indirect activation of caspase-3 through the intrinsic mitochondrial pathway (Park et al., 1999; Rytomaa et al., 1999) . PQ activated both the extrinsic and intrinsic apoptotic pathways, however, activation of caspase-8 occurred much earlier than caspase-9. Thus, our results suggest that the decreased expression of E-cadherin and b-catenin that occurs soon after PQ treatment disrupts cell-cell contacts which may initiate detachment apoptosis (Bozzo et al., 2006; Fouquet et al., 2004; Stupack et al., 2001) .
Reactive oxygen species (ROS) contribute to cochlear pathologies induced by ototoxic drugs, neurotoxic metals and intense noise, but the extent to which ROS disrupts cell-cell contacts that could initiate anoikis is poorly understood (Ding et al., 2012; Nicotera et al., 2004; Salvi et al., 2002; Samson et al., 2008) . Preliminary studies currently underway in our lab suggest that certain ototoxic drugs, such as aminoglycosides, seem to preferentially damage hair cells, but not SCs or TBCs while other ototoxic agents damage both hair cells and SC. In other tissues, ROS suppress cell adhesion and promote anoikis (Cai et al., 2008; Chang et al., 2013; Chiarugi and Giannoni, 2008; Lin et al., 2011; Pani et al., 2009; Paoli et al., 2013) . However, metastatic tumor cells can escape detachment apoptosis by circumventing ROS-induced oxidative stress (Lu et al., 2015) .
SC and TBC loss and regeneration
Damaged mammalian hair cells do not regenerate. However, there is growing awareness that SCs and TBCs can differentiate into new hair cells if the required signals are applied at the appropriate time (Jan et al., 2013; Zheng and Gao, 2000) . In the avian cochlea where hair cells naturally regenerate, loss of contact inhibition mediated by E-cadherin and b-catenin, key signals in the wnt pathway, promote the transdifferentiation of SCs to hair cells (Warchol, 2002) . In mammals, inhibitors of g-secretase cause postnatal utricular SCs to internalize their E-cadherin. Afterwards, the SCs begin to express hair cell markers such Atoh1, myosin VI and VIIa and form hair bundles. However, transdifferentiation ceases at postnatal day16 (Collado et al., 2011) . In the mature cochlea, gsecretase inhibitors blocks notch signaling that normally prevents SCs from transdifferentiating into hair cells (Mizutari et al., 2013; Tona et al., 2014) . In the noise-damaged mammalian cochlea, gsecretase inhibitors enhanced transdifferentiation of SCs into hair cells and aided the recovery of hearing. However, this interpretation is complicated by the fact that some g-secretase inhibitors such as MDL28170 block calcium-activated proteases and promote hair cell survival (Lanzoni et al., 2005; Tona et al., 2014) . While transdifferentiation of SCs appears to be a promising approach to restoring hearing, our results suggest that PQ or other ototraumatic agents that destroy SCs and TBC would prevent transdifferentiation and also interfere with scar formation and repair of the sensory epithelium (Leonova and Raphael, 1997) .
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